Porous GaP, InP and GaAs structures fabricated by MeV ion-implantationassisted electrochemical etching were investigated by Raman and Fourier transform infrared spectroscopy. Fröhlich modes in the frequency gap between the transverse optical and longitudinal optical frequencies were observed and their longitudinal-transverse splitting was established. The frequencydependent optical properties in the infrared region were calculated using a dielectric function derived on the basis of an appropriate two-dimensional effective-medium theory. The theoretical reflectance spectra are found to be in good agreement with the experimental ones and the predicted coupled Fröhlich-plasmon modes for conducting samples were observed experimentally. The wavelength used in Raman measurements did not fulfil the requirements of effective-medium theory, but the resulting spectra could be explained at least qualitatively by taking into account the diffuse scattering.
Introduction
Increasing attention has been paid in recent years to the study of the properties inherent to porous materials. In addition to porous silicon, widely investigated by a variety of different means [1, 2] , porous III-V semiconductor compounds have aroused increasing interest [3] [4] [5] [6] [7] [8] [9] due to their potential applications in the field of electronics and photonics [10] .
Optical investigations, such as Raman, infrared and luminescence spectroscopy, allow one to analyse these materials in a non-destructive way with high resolution and high sensitivity. Complemented by electrical measurements, they provide knowledge of fundamental properties necessary for possible device applications.
Porous GaP (por-GaP) layers and free-standing membranes proved to be excellent materials to use to study the peculiarities inherent to porous III-V semiconductor compounds. Recent progress in the fabrication of por-GaP by electrochemical etching allows one to control and to reproduce properties of the porous structures such as the morphology and basic electrical parameters in a desired way [11] [12] [13] [14] . An enhanced optical response, new radiation and scattering properties and Fröhlich modes have already been reported for several porous III-V semiconductors [15] [16] [17] [18] [19] [20] [21] .
Unlike in these works, we perform here a comparative study of Fröhlich modes [22] in both the infrared reflectance and Raman spectra of porous structures obtained by electrochemical etching of n-type GaP, InP and GaAs crystals. Fröhlich modes are of dielectric origin and occur in heterogeneous materials composed of at least one polar substance (not in the case of porous Si). The properties of the Fröhlich modes strongly depend on the morphology (i.e. symmetry, structural geometry, effective size etc) and on the properties of the constituents [23] [24] [25] [26] . The analysis of these modes allows the characterization of the porous structure by the comparison of experimental results with theoretical calculations based on an effective-medium theory (EMT).
The longitudinal-transverse splitting of a Fröhlich mode in a porous polar material was first observed by Danishevskii et al [27] and by MacMillan et al in the infrared reflectance spectra of porous 6H-SiC layers [28] . A theoretical explanation of the results of the latter work was reported in terms of effective-medium expressions for the dielectric function based on the assumption that the structure can be described as built up from spheres using two different Maxwell-Garnett models [29] : the Bruggeman [30] and the Sheng [31] models.
In a recent work by Spanier and Herman [32] the infrared spectra of porous SiC are interpreted on the basis of a so-called hybrid dielectric function obtained as a combination of different 3D expressions. However, a model with spheres as building blocks cannot adequately describe most porous structures produced by electrochemical etching.
In this work we interpret the experimental spectra using a two-dimensional (2D) effective dielectric function, which describes the morphology of the porous structures as an interpolation between two boundary cases: cylindrical voids in the semiconducting matrix (large material concentration) and a skeleton of intercrossing semiconductor plates (large void concentration).
The morphology of the porous structures fabricated by electrochemical etching of III-V semiconductor materials depends mainly on the doping level of the initial material and on the crystal orientation for given etching conditions [3, 4, 33, 34] . In the case of infrared reflectance measurements the light wavelength is much larger than the resulting structure dimensions and, hence, the porous structure can be considered as a homogeneous material for which effective-medium theories apply. In the case of Raman scattering the wavelength of the light inside the materials used is not much larger than the average structural dimensions, resulting in strong diffuse scattering. In this case effective-medium theories are not strictly applicable, in general.
We show that the Raman spectra can be described at least qualitatively by considering the porous crystal as a uniaxial one and taking into account the resulting angular distributions of excitations corresponding to the different light paths inside the porous structure due to diffuse scattering.
Effective-medium theory

The effective dielectric function
If the light wavelength λ is much larger than the characteristic structure dimensions L, porous semiconductors can be described as homogeneous materials and, in the range of IR frequencies, a quasi-static effective-medium theory can be applied to obtain an effective dielectric function. Parallel cylindrical pores in the Z-direction (see figure 1 ) which are randomly distributed in the XY -plane reduce the cubic symmetry of the bulk semiconductor to a uniaxial one. The cubic point group T d is changed due to the loss of the threefold rotation axis 111 to D 2d in the case of a (100) surface and due to the loss of the fourfold inversion axis 100 to C 3v in the case of a (111)-oriented surface. In both cases the effective dielectric function becomes a tensor:ε Figure 1 . A schematic picture of the porous structure with parallel vertical cylindrical pores in a cubic crystal matrix. θ denotes the angle between the wavevector k of an excitation and the pore direction Z.
For the electric field component parallel to the pores, ε (ω) is given exactly by the upper Wiener limit [35] 
where ε 0 is the dielectric constant of air (filling the pores) and ε(ω) is the dielectric function of the semiconducting skeleton with relative volume concentration c, which is given in the IR region in the semi-insulating case by
In the limit of a few independent cylindrical pores (c → 1) with the electric field perpendicular to the pore direction (E ⊥ Z in figure 1 
with
and the depolarization factor n = , where E 1 and E 2 denote spatial averages of the electric field components in the plane XY over the semiconductor and pore volumes, respectively.
In the opposite limit of vanishing relative concentration (c → 0), we describe the walls of the remaining skeleton as semiconducting plates with normals randomly distributed in the XY -plane. In the case of one plate in an air matrix we get
with n 1 = 1 for fields parallel to the plate normal and n 2 = 0 for fields perpendicular to the plate normal. Averaging over all angles ϕ (ϕ ∈ [0, 2π ]) leads to
Equation (4) together with either equation (5) or (7) leads to the same expression:
Equation ( Any dielectric function has to obey the Bergman spectral representation [36] . With the definitions
and
we obtain from equation (8) the spectral representation
The exact relations [36]
in the two-dimensional case, as realized for our samples, are both fulfilled. A = 0 for all c-values, which reflects the fact that the percolation threshold of the semiconducting skeleton is given by c = 0, the plates forming the skeleton being connected for all c = 0.
In a two-dimensional case the Keller theorem [37] states that
where ε ⊥ (ε 0 , ε(ω), c) is the dielectric function given in our case by equation (8) and ε ⊥ (ε(ω), ε 0 , c) is a dielectric function with ε(ω) and ε 0 interchanged (an interpolation between cylindrical semiconductor columns and randomly oriented air layers with c being the air concentration). Equation (8) fulfils this requirement, too. From equations (3) and (8) it is easy to calculate the reflectivity (normal incidence):
The result is a two-band reflectance spectrum as shown in figure 2 for vanishing phonon damping γ . 
Reflectivity, R(ω)
Wavenumber (cm The pole in ε ⊥ (ω) at ε 0 + ε(ω) = 0 for c → 1 is a Fröhlich mode [22] , the resonance mode of one circular pore in the semiconducting matrix in the frequency gap between ω LO and ω TO . Being a pole it is of transverse (T) character. In addition to this mode, ε ⊥ (ω) as given by equation (8) has a pole at the frequency ω TO . Poles of any dielectric function should always alternate with zeros, longitudinal (L) modes, in the sequence T-L-T-L with increasing frequency. We therefore expect a L-T splitting of the Fröhlich mode with decreasing c, its L part being below the T one.
Both longitudinal and transverse Fröhlich modes can easily be calculated from equation (8) In uniaxial crystals, ordinary and extraordinary (angle-dependent) excitations exist. In the absence of damping the corresponding frequencies are given by (see e.g. [38] )
where θ is the angle between the pore direction (Z) and the wavevector k of the excitation (see figure 1 ) giving rise to Raman scattering (θ is not the angle between the pore direction and the electric field). For γ = 0 the corresponding Raman intensities in the IR region are proportional (at least in the case of one dominant scattering mechanism) to
where the subscripts 'o' and 'eo' stand for ordinary and extraordinary, respectively. ε (ω) as given by equation (2) has (for γ = 0) the same pole at ω = ω TO as ε(ω), and a zero, which depends on c. It can be rewritten as
ε ⊥ (ω) as given by equation (8) is a product of ε(ω) with a pole at ω = ω TO and a zero at ω = ω LO times a factor with one additional pole and one additional zero corresponding to the F-T and F-L modes. Hence, it can be written as
The ordinary part of the Raman scattering according to equations (8) and (18) gives rise to two peaks at ω = ω TO and ω = ω 3 (c), these being the ordinary excitations of TO-phonon and transverse Fröhlich mode character, respectively.
The extraordinary part of the Raman scattering gives rise to two additional peaks near the solutions of
These peaks depend on the angle θ and correspond to the extraordinary LO-phonon and the longitudinal Fröhlich excitations. The calculated angular dependences of all modes are displayed in figure 4 for different GaP concentrations.
Plasmons
In the presence of free carriers inside the semiconductor skeleton, the dielectric function ε(ω) has to be complemented by a plasmon part. This contribution was chosen in the form of the simple Drude expression because it is expected that other approximations (e.g. the EMT approach, the neglect of the formation of depletion layers within the skeleton [11] etc) would negate any benefits to be derived from more sophisticated treatments. Hence, we replace equation (3) by
and the plasmon damping coefficient The transverse and longitudinal modes resulting from equation (8) as functions of the free-carrier concentration N e (keeping c fixed and choosing γ, → 0) are given for InP in figure 5 .
In addition to the coupled LO-phonon-plasmon modes L + and L − of the bulk material, coupled Fröhlich-plasmon modes (F-T + , F-T − , F-L + and F-L − ) appear in the porous structures. These modes depend on the free-carrier concentration N e and on the carrier mobility. The unusual coupling between plasmons and transverse Fröhlich modes can be understood as follows: for c → 0 the transverse Fröhlich mode is fixed at the position of the LO phonon and for c → 1 it is fixed at the position of the longitudinal Fröhlich mode (see figure 3) . Longitudinal optical modes undergo frequency shifts with N e and, therefore, the transverse Fröhlich mode is shifted together with them.
Experimental details
Porous layers were obtained by electrochemical etching of n-type LEC-grown crystalline substrates in aqueous acidic solutions (see table 1 ).
In order to initiate the etching process the samples were implanted with 5 MeV Kr ions with a dose of 3 × 10 10 cm −2 . The etching was carried out in darkness for 30 minutes. Subsequently the porous layers were detached from the substrate by lateral etching in order to obtain free-standing porous membranes as described in reference [34] . The process of etching is strongly influenced by the initial doping level of the substrate material, by the defect density on the surface and by the crystal orientation. In our case the pores exhibit a column-like shape, stretching into the sample perpendicularly to the initial crystal surface (see figure 6 ). The Etching time (min) 30 30 30 thickness of the remaining semiconductor skeleton walls L can be estimated to be nearly twice the thickness of the depletion layer L ≈ 2L D [11] . The total thickness of the porous layers was approximately 50 µm in the case of por-GaP and 5-10 µm in the cases of por-GaAs and por-InP layers. Micro-Raman measurements were performed using a Jobin-Yvon T64000 triple spectrometer equipped with a nitrogen-cooled CCD system. The spectra were acquired in nearly backscattering geometry with a spectral resolution less than 0.5 cm −1 . A cw Ar + laser (514.532 nm) and a Ti:sapphire laser working at 900 nm were used. In order to avoid thermal heating the laser power was limited to 1 mW in a spot with a diameter of about 1 µm. The measurements at low temperature (77 K) were carried out using a CryoVac set-up. The Fourier transform infrared (FTIR) reflectance measurements were performed at room temperature using a Bruker IFS 133v Fourier transform spectrometer with maximal resolution of about 0.03 cm −1 . A reflectance set-up with the angle of incidence of 11
• was used.
Experimental data
GaP
Examples of the room temperature FTIR reflectance spectra of por-GaP are displayed in figure 7 and figure 8 . Instead of the one-band reflectance spectrum of bulk material, a two-band structure is observed. A Kramers-Kronig transformation (KKT) analysis allows one to obtain the phonon frequencies. The wave-like features in the spectra of (111) GaP membranes are related to interference of the light with multiple reflections at the two boundaries of the porous membrane and were modelled within a three-layer model using the layer thickness and the angle of incidence known from the FTIR set-up as input parameters. The Raman spectra of porous GaP samples, displayed in figure 9 (a) and figure 10(a) together with those of the initial bulk material, show a breakdown of the symmetry selection rules. Regardless of the crystal orientation, both the TO-and the LO-phonon modes occur at 366 cm −1 and 402.3 cm −1 , respectively, while for bulk (100)-oriented substrates only the LO phonon is allowed in backscattering geometry. The observation of the weak forbidden TO phonon in the bulk (100) samples is related to the crystal imperfection and/or to possible deviations from the true backscattering geometry. The LO-phonon-plasmon coupled (LOPC) modes of the doped bulk substrate are no longer observed in por-GaP samples. Additionally, the spectra of the porous samples exhibit a relatively broad band located between the TO-and LO-phonon modes. Its peak position was found to be 398.7 cm −1 and 399.3 cm −1 with full widths at half-maximum of 8-10 cm −1 for (100)-and (111)-oriented por-GaP, respectively.
InP and GaAs
Examples of the room temperature FTIR reflectance spectra of por-InP are given in figure 11(a) . Similarly to the case for por-GaP, a two-band reflectance spectrum is observed. In the case of por-InP, the band position is affected by the interaction of the LO-phonon and the Fröhlich modes with plasmons inside the InP skeleton. The Raman spectra of por-InP and por-GaAs were measured at 77 K. They are shown together with those of the initial bulk crystals in figure 12, figure 13 and figure 14 . Unlike in the case for GaP, both branches of the LOPC mode, the L + and the L − modes (together with a relatively weak LO mode from the depleted surface regions), are observed in the Raman spectra. Calculations using the experimental values of the peak positions and peak widths of the coupled modes allow one to estimate the free-carrier concentrations and mobilities inside the skeleton.
The experimental results are summarized in table 2. 
Discussion
GaP
The morphology of porous (100) GaP can be approximated by parallel cylindrical voids in the semiconductor matrix (randomly distributed in the XY -plane) as shown schematically in figure 1. In the case of (111) orientation the pores are rather of triangular shape. Such a morphology cannot be described by an analytical EMT expression, and more than one Fröhlich mode is expected, in general [39] . However, because only one mode could be resolved in the experiments (see figure 7-figure 10) we will apply the model of cylindrical pores as an approximation for this case, too.
The light wavelength used in the FTIR measurements is much larger than the average structure dimension. In this case the EMT approach can be applied. The measured FTIR reflectance spectra reflect well the behaviour predicted by the effective dielectric function. Due to an additional zero and an additional pole at ω FL and ω FT , respectively, a two-band reflectance spectrum appears. The energetic distance between these two bands is given by the L-T splitting of the Fröhlich modes and allows one to estimate the relative concentration c. The results of the EMT-based calculations for por-GaP samples are given in figure 7(b) and figure 8(b) . They show satisfactory agreement with the spectra obtained experimentally. The difference between the calculated and the measured reflectance bands as regards the highfrequency shoulder can result from the scattering losses of the reflected signal (caused by e.g. surface roughness).
The Raman measurements on por-GaP show that porosity leads to a depleted GaP skeleton. Instead of the LOPC modes inherent to the doped bulk samples, the LO-phonon mode of pure GaP is observed at 402.3 cm −1 (see figure 9 (a) and figure 10(a) ). An additional broad structure between the TO and LO phonons is interpreted as being the Fröhlich mode. The Raman spectra calculated on the basis of the effective dielectric function (equation (8)) are shown together with the experimental ones in figure 9 and figure 10 . The theory reproduces well the position of the Fröhlich mode, but its large bandwidth cannot be explained in a simple way.
The average dimensions of the por-GaP structures are of the same order as the wavelength of the light exciting the Raman spectra. The resulting diffuse scattering leads to the violation of the symmetry selection rules, i.e. the TO phonon can be observed in the Raman spectra regardless of the surface orientation.
Additionally, in true backscattering geometry (θ = 0 • ) only three modes (I, II and V in figure 9 (b) and figure 10(b)) are expected in the Raman spectra for a given c-value (see also figure 4 ). The observation of the strong Fröhlich mode (III in figure 9 and figure 10 ) becomes possible only at θ near 90
• . One has to note that in the case of λ ≈ L any EMT-based approach is not strictly valid. Due to the lack of a suitable theory we will nevertheless apply EMT as a first approximation, but taking into account different angles of incidence θ within the porous structure due to diffuse scattering.
Because the extraordinary excitations are angle dependent (see figure 4) , an effective broadening of the Fröhlich modes results in this way. However, the full width of the experimentally observed Fröhlich modes is larger than that resulting just from the angular dependence. This additional broadening of the Fröhlich modes could be due to a c-value distribution in real samples (e.g. due to misalignment of pore directions and shapes) and perhaps to an influence of surface oxidation (ε oxid ε 0 ). These effects can hardly be determined in a quantitative way by the experimental means employed and need further consideration.
InP and GaAs
Similarly to the case for por-GaP, a two-band structure is observed in the FTIR reflectance spectra of porous InP (see figure 11) . However, the high-frequency shoulder of the band at higher frequencies appears at larger wavenumbers than that given by the LO-phonon position of semi-insulating (SI) InP. This shift is caused by the free carriers present inside the InP skeleton. The high-frequency band is formed by coupled L + and F-T + modes, whereas the low-frequency band is enclosed by the TO-phonon and coupled F-L + modes. The frequency shifts of the coupled modes obtained from equations (18), (19) and (30) are given in figure 5 . In the absence of damping there occur, beside the L − part of the LOPC modes, coupled F-L − and F-T − modes below the TO phonon, too. Taking into account actual damping constants, they are not expected to be observable due to their weak intensities and their large bandwidths, and we could not observe them in our samples.
In the case of por-GaAs we used the data obtained by Raman measurements in order to calculate the FTIR reflectance spectra from the effective dielectric function. According to the theoretical simulation the relatively small TO-LO splitting of bulk phonon modes together with the large phonon damping do not result in a pronounced reflectance band between the F-T and LO (or L + ) mode (see figure 15 ). Accordingly we did not succeed in finding unambiguously the two-band spectra in the case of our por-GaAs samples. The Raman spectra of por-InP and por-GaAs show similar modifications to those observed in the case of por-GaP. Diffuse scattering of the incident light inside the porous structures gives rise to the observation of strong TO-phonon modes, which are forbidden for the bulk material (see figure 12 and figure 14) . A broad Fröhlich band between the bulk phonons is also observed. The frequencies of the LO-phonon and the Fröhlich modes are influenced by the interaction with plasmons. This gives rise to coupled modes in the spectra as discussed above.
The free-carrier concentrations and their mobilities inside the semiconducting skeleton can be estimated by analysis of the LOPC modes, as was demonstrated for bulk samples [40] . We performed the fitting of the coupled L + and L − modes for both porous and bulk substances (see figure 12-figure 14) . In order to take into account the q-dependence of the dielectric function and to fit the line shape of the coupled optical modes in the measured spectra, the Lindhard-Mermin approach [41] was chosen. The charge-carrier concentrations and mobilities obtained in this way were used to calculate the frequencies of the coupled Fröhlich modes from equation (29) (see figure 13 and figure 14) . The LO-phonon frequency of the depleted layer was taken to be that of the SI bulk material. The fits performed show a good agreement for por-InP and por-GaAs samples.
Conclusions
Using electrochemical etching techniques combined with high-energy ion implantation, it is possible to produce porous III-V semiconductors with well-defined average structure dimensions (skeleton thickness) of about L ≈ 2L D , where L D is the depletion layer thickness corresponding to the bulk charge-carrier concentration N e , and with a relative concentration c of the semiconducting material of about c ≈ 0.7-0.8. In the IR frequency region the essential supposition of effective-medium theories, λ L, is justified and the FTIR reflectance spectra can be described on the basis of a suitable 2D EMT. The L-T splitting of the Fröhlich mode predicted by the theory for 0 < c < 1 was observed and coupled Fröhlich-plasmon modes could be detected experimentally in the case of por-InP. The unusual coupling of a transverse mode with plasmons could be explained.
In the case of Raman scattering measurements the wavelength of the laser light employed inside the samples is not much larger than the typical structure dimensions. In this case EMTs are not strictly applicable, in general. However, the experimental spectra proved the existence of a Fröhlich mode in the frequency gap between the bulk TO and LO phonons. The observed large full width of this mode could at least partially be explained by the excitation of angle-dependent extraordinary modes by diffuse scattered light. In the case of conducting porous samples the coupled Fröhlich-plasmon modes were found in the Raman spectra in good agreement with theoretical predictions.
In order to prove unambiguously the uniaxial symmetry of porous III-V semiconductors by optical means, it is necessary for the condition λ L to be fulfilled. In the case of Raman measurements, this could be achieved by a sufficient increase of the excitation wavelength with the disadvantage of a low scattering efficiency and/or by scaling down the structure dimensions.
